OATAO is an open access repository that collects the work of Toulouse researchers and makes it freely available over the web where possible. This is an author-deposited version published in : http://oatao.univ-toulouse.fr/ Eprints ID : 10290 direct numerical simulations. A comparison with other models available in the literature shows that in the operating conditions considered in this work, the flow pattern inside the confined droplets at microscale leads to an enhancement of mass transfer compared to droplets that are not confined.
Introduction
Microreactors and microchannels are non-conventional devices in chemical engineering field but have been for few years the subject of numerous research studies and programs such as the European project IMPULSE (Integrated Multiscale Process Units with Locally Structured Elements) in 2005. This interest lies in the abilities of such devices in terms of heat transfer and mass transfer notably due to the increase of specific area by the miniaturization effect and the decrease of diffusion length. Ehrfeld et al. (2000) proposed a state of the art on microtechnologies: they observed that typical interfacial areas for two-phase flow are 5000-30,000 m 2 m À 3 , while Kashid and Agar (2007) showed that the production130 of such dispersions requires low power input compared to common devices. Moreover, despite laminar flow, the confinement of two-phase flow in microchannels allows the appearance of recirculation vortices that can have positive effect on transfer mechanisms.
The use of miniaturized processes is promising according to two main frameworks: (i) process intensification (Stankiewicz and Moulijn, 2000; Commenge et al., 2005) with an improvement of safety due to confinement and small amount of chemicals (Burns and Ramshaw, 2001; De Mello and Wooton, 2002) and (ii) microdevices designed as labs on chips for data acquisition at laboratory scale such as kinetic data (Sarrazin, 2006; Tsoligkas et al., 2007) , physico-chemical properties (Guillot et al., 2006) or biological mechanisms information (Stanley et al., 2012) for a better sizing and control of pilot and industrial plants. For both applications it is important to understand the physical and chemical mechanisms at microscale. To carry out liquid-liquid process, mass transfer coefficients estimation is required to obtain reliable process designs and/or data acquisitions for kinetic laws identification. Few works focused on experimental mass transfer http://dx.doi. org/10.1016/j.ces.2013.11.009 with liquid-liquid slug flow in microchannels using reactive (with instantaneous reactions) or non-reactive systems. Burns and Ramshaw (2001) conducted experiments of acetic acid titration in kerosene within 0.38 mm width square microchannels. Dummann et al. (2003) carried out the nitration of single ring aromatics and Ghaini et al. (2010) used the alkaline hydrolysis of ester in n-butylformate in circular capillaries of 0.5 and 1 mm diameter. Dessimoz et al. (2008) worked in rectangular microchannels of 0.4 mm equivalent diameter and carried out the instantaneous neutralisation of trichloroacetic acid by NaOH in toluene or hexane. Assmann and von Rohr (2011) studied the extraction of vanillin in water with toluene with or without adding an inert gas in rectangular microchannels (173 μm Â 300 μm). These works show an increase of the mass transfer coefficients with the droplets velocity (or total flow rate).
In a previous work based on 2D direct numerical simulations (Di Miceli Raimondi et al., 2008) , a correlation has been proposed that shows the influence of the operating parameters on mass transfer coefficients. The present work consists in the development of a laboratory pilot and an analysis protocol to conduct liquid-liquid mass transfer experiments in square microchannels to validate this correlation and increase the comprehension of transfer mechanisms in such systems. Slug flow pattern is generated in T-shape microreactors. Transfer of acetone from toluene to water is carried out.
This article presents the materials used to carry out mass transfer experiments with liquid-liquid slug flow and the experimental protocol. The results obtained in terms of mass transfer coefficients on the droplet side are compared with the correlation suggested by the previous simulation work. Finally a comparison with models proposed for similar systems is conducted in order to understand the impact of the hydrodynamic structures in confined liquid-liquid slug flows on the mass transfer mechanism.
Materials

Microreactors
The experiments are carried out in two microreactors manufactured by the LAAS (Laboratory for Analysis and Architecture of Systems, CNRS Toulouse, France), whose main microchannels have square section of 0.2170.01 and 0.3070.01 mm width (Fig. 1) . These ones are made of silicon and glass and present a very good chemical resistance.
The manufacturing of silicon microfluidic chips is achieved by means of the photolithography technique (Gawron et al., 2001; Chun et al., 2006) . High-aspect-ratio microchannels are fabricated in a silicon wafer by plasma etching using the deep reactive ion etching (DRIE) technique and the Bosch process (Tang et al., 2007; Laermer and Schilp, 1996) . Through-wafer holes are also etched by DRIE for creating the microreactor inlets and outlets. The structured silicon wafer is capped by a borosilicate glass wafer (Pyrex s 7740 from Corning) using anodic bonding technique. Resulting squared microchannels are made of three walls in silicon and one in glass.
Silicon and glass are hydrophilic so that the organic phase is dispersed into the aqueous phase. The fluids get in contact in a Tjunction. Liquid-liquid slug flow is produced as illustrated in Fig. 2 , with droplets and continuous phase slug that regularly alternates (a droplet and a continuous phase slug constitute a "unit cell").
The microreactors present secondary channels made of several small microchannels (20 μm width and 0.21 or 0.30 mm depth depending on the main channel size). They act like filters in order to extract in a selective way the continuous phase. This allows the analysis of the extracted fluid, i.e. the measurement of the solute concentration in the continuous phase (Fig. 3) . Similar secondary channels have already been used for the management of dispersed flow pattern in microchannels (Gunther et al., 2005; Prat et al., 2006; Marcati et al., 2010) . Fig. 3 presents a scheme of the experimental bench. The introduction of the fluids is performed by syringes with stainless steel needles placed on syringe pumps (Harvard Apparatus PHD2000 or PicoPlus). A high-speed camera HCC-1000 (VDS Vosskühler GmbH) coupled with a binocular Nikon SMZ-10 enables the visualization of the flow in the microchannel. The chip lighting is provided through optical beams. The camera is characterized by an acquisition frequency up to 1800 frames s À 1 . Data acquisition and treatment is carried out using the software NV 1000 (New Vision Technologies). This system allows the measurement of the droplets length, velocity and frequency.
Experimental bench
The analysis system is connected to one of the secondary channels to measure the solute concentration in the continuous phase at a given location. The others are blocked using plugged capillaries. The measuring system and the analytical method will be described in more details in Section 3.1.
Microfluidic connections
Silicon and glass are tough materials but highly breakable. Therefore, the microfluidic connection system with such chips is not trivial. The fragility of the materials prohibits the use of connections directly screwed on the chip. Moreover stuck connections are excluded because of the use of solvents. Tight microfluidic connections were obtained using silicon septa. As described on Fig. 4 , a PFA (perfluoroalcoxy polymer, 1/16″ OD) capillary passes through a septum placed on each inlet and outlet. The septa and the microfluidic chip are put between two PMMA (polymethylmethacrylate) plates screwed each other to constitute the 1 cm housing. The screwing allows the septa to be flattened against the silicium wafer. This provides a good tightening of the connection while applying a soft mechanical pressure on the chip. At last, connections between PFA capillaries and stainless steel needles are insured using Swagelok fittings.
Methods
Analytical method
Water/acetone/toluene two-phase system was used to characterize mass transfer in square microchannels. It is defined as a standard test system for liquid extraction by the European Federation of Chemical Engineering (Misek et al., 1985) . Acetone is the solute which transfers from toluene (dispersed phase) to water (continuous phase).
As previously described, the concentration of acetone in the continuous phase is determined using secondary channels to extract this phase. For that purpose, the secondary channel which is subjected to analysis is linked to a syringe (by means of capillaries) which is placed on a syringe-pump running in refill mode (Fig. 3) . In order to analyze continuous phase samples representative of this phase in the microchannel, half of its flow rate is constantly extracted. There are five secondary channels per microreactor located at a distance of 2.4 mm, 7.8 mm, 17.6 mm, 32.2 mm and 48.8 mm from the middle of the T-shape droplets generator. The total length of the main channel in which mass transfer occurs is 50.6 mm (from the droplets generator to the main outlet). The concentration of acetone in the continuous phase is determined by UV-spectrophotometry measurements. A measuring cell is placed between the secondary channel and the refill syringe as described in Fig. 5 . The extracted fluid circulates in the cell while it is analyzed by mean of two optical beams (one acts like a light transmitter, the other like a receiver). This material allows the estimation of the fluid absorbance which can be directly linked to the concentration of acetone thanks to a prior calibration of the system with an uncertainty of 10%. The beams are connected to the spectrophotometer (AvaSpec-2048-USB2 Grating UA). The received signal is analyzed with the software Avasoft-Full.
Water and toluene are nearly mutually immiscible. However the very small solubility of toluene in water is enough to distort the measurement of acetone concentration in water (at ambient temperature, the solubility of toluene is roughly 0.5 g/L of water). This measurement allows the estimation of the solute flux transferred between the two phases. Therefore, to avoid the transfer of toluene and water, water saturated with toluene and toluene saturated with water have been used in the whole experiments performed at ambient temperature. Acetone concentrations are low in order to avoid a flow hydrodynamic perturbation due to mass transfer notably linked to Marangoni effects. Moreover the calibration of the system showed a linear relationship between fluid absorbance and acetone concentration up to 0.4% in weight of acetone in water. In these conditions, the physical properties of the two phase system are assumed to remain constant during the experiments equal to those of pure water (ρ c ¼1 g cm ; μ d ¼0.6 Â e À 3 Pa s). Viscosity is measured with the rheometer CSL2 500 (TA Instruments). Density is measured with the pycnometer DMA 38 (Anton Paar). The interfacial tension between water and toluene is determined using the tensiometer 3S (GBX Instruments) at 33.7 mN m À 1 . set of experiments carried out (w C stands for the microchannel width). The solute (acetone) is initially mixed in the dispersed phase (toluene). Its concentration C d 0 is settled so that the concentration measurements are included in the range where concentration and absorbance of the analyzed solution are proportional. The continuous phase (water) is initially pure. Concentrations are expressed in acetone mass fraction. The method developed to measure the mass transfer coefficient k d,exp a and the interfacial area a is described in Section 4. These experiments aim at estimating the droplet side mass transfer coefficient and identifying the impact of the dispersed flow characteristics on this coefficient. This requires deducing the impoverishment kinetics of the droplets in solute for every operating conditions investigated. The monitoring of the transfer all along the microchannel is achieved by connecting the measuring cell at the different secondary channels. The analysis method allows the measurement of the concentration of acetone in the continuous phase C c . The concentration profile of acetone in the dispersed phase C d is then obtained with the following mass balance:
Experimental protocol
where ρ is the fluid density, and t is the residence time. It assumes that flow rates and densities of both phases remain constant during the transfer operation regarding the low concentrations of acetone used. Fig. 6 illustrates the curves trend obtained with such a protocol. The experimental error is estimated from the uncertainties on the droplets velocity, on the initial concentration of acetone in toluene and on the concentration of acetone measured by the spectrophotometry technique.
Results
Volumetric mass transfer coefficients identification
Droplet side mass transfer coefficient k d,exp is identified from the experimental concentration profiles. It is derived from the expression of the mass flux through the interface per droplet surface unit Φ exp given by Eq. (2). The driving force is calculated from the difference between the concentration of acetone in the droplet at time t, C d (t), and the one at infinite time, C d 1 :
k d,exp is deduced from the experiments by fitting concentration profiles with those calculated by means of the mass balance within the droplets: Table 1 Operating conditions of the mass transfer experiments. between the dispersed phase flow rate and the droplets frequency:
The integration of the mass balance over time can be written as follows:
t ref is a reference time from which it assumes that Eq. (2) can reliably predict mass transfer fluxes. The effect of the droplet formation generally leads to a global overestimation of mass transfer coefficients due to the appearance of mixing hydrodynamic structures when the phases get in contact. In this study, t ref was chosen in the zone where the laminar flow in the microchannel is fully developed in order to avoid the entrance effects impact on k d,exp estimation (Skelland and Wellek, 1964) . The entrance length L e considering laminar flow in smooth channel can be estimated using Eq. (6) (Gao et al., 2002; Shen et al., 2006) :
In the experiments carried out, the entrance length is evaluated to be less than 1.4 mm in the channel of 0.21 mm width, and 0.7 mm in the channel of 0.30 mm width. The first secondary channel is located at 2.4 mm from the T-junction. Therefore, it is expected that the flow is fully developed at that level of the main channel. Consequently, the time of reference t ref is defined as the time for a droplet to reach the first secondary channel. C d 1 is calculated from a mass balance at infinite contact time given by Eq. (7):
C d 1 and C c 1 are linked together by the thermodynamic equilibrium. A prior study showed that this equilibrium can be written in terms of Eq. (8) in the concentration domain considered in this work, with a constant partition coefficient m¼ 0.76.
Therefore, Eqs. (7) and (8) allows the estimation of C d 1 :
By fitting Eq. (5) ). The interfacial area estimated in the present work is related to the entire surface of the droplets while Ghaini et al. (2010) measured it using a chemical method. They showed that depending on the operating conditions (notably the slug velocity), the interfacial area can be estimated from the droplet surface with or without considering the surface in contact with the film between the droplet and the channel wall. This can be explained by the saturation time of the film that can be significantly lower than the saturation time of the continuous phase slug, function of the dispersed flow characteristics.
Interfacial area modeling
The interfacial area of the two-phase flow a is estimated as a function of the droplets shape. It is assumed that this parameter depends on the capillary number Ca d (Kreutzer et al., 2005) defined in terms of Eq. (10):
where μ c is the viscosity of the continuous phase and s the interfacial tension of the liquid-liquid system. Kreutzer et al. (2005) suggested that:
Ca d Z0.04: the droplet section is axisymmetric. Its body shape can be assimilated to a cylinder, with a diameter w d given by 
the following correlation (w C refers to the channel width):
Ca d o0.04: the droplet body fits the channel walls very closely.
Its section can be assimilated to the channel section, i.e. as a square, with a width equal to 0.95w C .
The droplet ends are assimilated to hemispheres. In the experiments carried out, Ca d ranges from 0.001 to 0.01 (Ca d o 0.04). In order to validate the shape model, the calculated droplets volume (given by Eq. (12)) is compared to the experimental one (Eq. (4)). Fig. 8 shows a good agreement between both of them:
Therefore, the surface of one droplet S d is estimated from the following:
The interfacial area of the liquid-liquid system a is defined as the ratio between the surface of one droplet and the unit cell volume (given by the following):
In this work, it ranges from 4540 to 13,400 m 2 m À 3 . Consequently, the k d,exp a values previously identified allows the estimation of the mass transfer coefficient k d,exp that ranges from 1.5e À 04 to 1.4e À03 m s À 1 . Fig. 9 shows that, as expected, the mass transfer coefficient tends to increase with the droplets velocity. The error bars represent the uncertainties on the measured values given in Table 1 .
Comparison with models for mass transfer coefficient estimation
Validation of a previous numerical study
In a previous work, a correlation for the estimation of droplet side mass transfer coefficient has been proposed for liquid-liquid mass transfer with slug flow as a function of the flow characteristics (Di Miceli Raimondi et al., 2008) . It is based on 2D direct numerical simulations. The correlation is as follows: 
. Table 2 Liquid-liquid mass transfer coefficients and interfacial area in microreactor. where d d is the droplet equivalent diameter (diameter of a spherical droplet with the same volume). α is a constant that depends on the fluid properties and the flow characteristics inside the droplets differentiated according to the flow structures type inside the droplets. In the present work, capillary number is low and the droplets are highly confined resulting in flow patterns with numerous vortices as illustrated by Fig. 10 . Indeed Ca d ranges from 0.0007 to 0.0103 and L d /w C from 1.7 to 6.6. In this particular case, it leads to α¼4.36e À 04. As illustrated in Fig. 11 , mass transfer coefficients obtained in the present experimental study are well estimated by Eq. (14). The maximal relative error between the model and the experiments observed is 55% and the median relative error is about 10%.
Comparison with literature
Mass transfer models description
Mass transfer models proposed in literature for systems approaching liquid-liquid slug flow are described afterwards.
Dispersed liquid-liquid systems in infinite media.
Numerous empirical models are available (Knudsen et al., 1998; Slater, 1994) . Skelland and Wellek correlation seems appropriate for comparison with experiments in microchannels since they developed a model for circulating droplets, i.e. with internal recirculation loops and a non-oscillating interface which is close from the flow structures observed with liquid-liquid slug flow in microdevices (Harries et al., 2003; Sarrazin et al., 2008; Kashid et al., 2008) . This model is given by Eq. (15). Mass transfer coefficient depends on Fourier number defined as a function of the exposure time t e and the diffusion time. The exposure time is estimated using Eq. (16) assuming that the contact length corresponds to the length traveled by a fluid element by convection at the droplets interface at the interface velocity, i.e. the droplet velocity. The diffusion time is related to the diffusivity of the solute in the dispersed phase D d and the characteristic length of diffusion in this phase, assumed to be equal to half the equivalent diameter of the droplet:
The diffusion coefficient of acetone in toluene in highly diluted solutions at ambient temperature is estimated at 2.8e À 09 m 2 s À 1 (Bulicka and Prochazka, 1976) .
Gas-liquid
Taylor flow at microscale. Gas-liquid two-phase flow in microchannels has been recently intensely investigated, notably in Taylor flow regime. This interest is notably due to the diversity of potential applications for these systems (miniaturization of chemical processes for safety and/or heat and mass transfer enhancement, biotechnology systems, space applications, etc.). Several authors proposed models to predict mass transfer coefficients in such two-phase flow (Bercic and Pintar, 1997; Irandoust et al., 1992; Kreutzer, 2003; Van Baten and Krishna, 2004; Vandu et al., 2005; Yue et al., 2007; Liu and Wang, 2011) . Shao et al. (2010) compared most of these models with their own mass transfer coefficients obtained by computational fluid dynamics simulations. They observed three tendencies: (i) models based on mass transfer contributions from both bubble caps and film between the bubble and the wall tend to overestimate their values (van );
(ii) models where only the film contributes to mass transfer give reasonable predictions (Vandu et al., 2005) ; and (iii) models where only the bubble caps contribute to mass transfer tend to underestimate their values. These models were established under conditions where the film quickly saturates because of large bubble lengths (Bercic and Pintar, 1997) or high bubble velocities (Yue et al., 2007) . In order to compare mass transfer mechanisms in gas-liquid flow and in liquid-liquid slug flow, three models are considered:
Van Baten and Krishna (2004) model which considers that the entire bubble surface contributes to mass transfer. They express mass transfer coefficient as the sum of two contributions given by Eq. (17). Bubble caps contribution is estimated according to Higbie penetration theory Eq. (18). The term related to the (14)).
transfer through the film is obtained by referring to the model of mass transfer from a bubble to a laminar falling film, as a function of Fourier number ). This number is relevant for the saturation rate of the film (Pohorecki, 2007) . In the experiments, the Fourier number ranges from 0.02 to 1.1. The formulation given by Eq. (20) has been privileged for Foo0.1; Eq. (21) for Fo4 0.1. The film thickness δ film can be estimated at 0.025 w C for Cao0.04 (Kreutzer et al., 2005) . D c corresponds to the diffusion coefficient of acetone in water in dilute solution at ambient temperature, equal to 1.2e À 09 m 2 s À 1 (Grossmann and Winkelmann, 2005) :
Van Baten and Krishna (2004) model where only the film contribution is taken into account. Bercic and Pintar (1997) model where only the bubble caps contribution is taken into account because of fast film saturation: Fig. 12 shows the comparison between our experimental results obtained for liquid-liquid slug flow in square microchannels and the different models described above.
Comparison of experimental volumetric mass transfer coefficient with models
Concerning the models established for gas-liquid mass transfer in microchannels, Bercic and Pintar model underestimates the experimental results (90% of relative error). Film saturation is not quickly achieved: this is consistent with Fourier number values that are lower than 1. Van Baten and Krishna and film models overestimate the experiments. Mixing in bubbles is more intense than in confined droplets. The resistance in the dispersed phase to transfer that is neglected in gas-liquid Taylor flow limits the reliability of the gas-liquid models to predict liquid-liquid mass transfer.
Skelland and Wellek model underestimates the experiments with a mean relative error of 50%. It may be more appropriate to represent mass transfer with microfluidic flow patterns where droplets are not confined. Indeed, their model gives reasonable estimation of the experimental data for the higher values of k d a where the droplets confinement is minimal (L d /w C ¼1.77-2.35). Therefore, it appears that confinement is favorable to mass transfer thanks to the appearance of mixing flow structures inside the droplets.
Conclusions
Liquid-liquid mass transfer experiments have been carried out in square microchannels of 0.21-0.30 mm width. The microreactor is composed of a main channel where the transfer operates and secondary channels that allows the selective extraction of the continuous phase for analysis. The pilot and the analytical method used enable to follow the enrichment of the continuous phase (water) in solute (acetone). The concentration profile of solute in the dispersed phase (toluene) all along the microchannel is obtained by mass balance from which a droplet side mass transfer coefficient is identified. The experimental results validate the correlation for mass transfer coefficients estimation for liquidliquid slug flow in microchannels issued in a previous work from 2D direct numerical simulations.
In order to understand the transfer mechanism in the studied system, the experimental results are compared with models available in literature: liquid-liquid mass transfer in recirculating drops with non-oscillating interface in channel of conventional size and gas-liquid mass transfer in microchannels with Taylor flow pattern. The comparison shows that when the flow structure in the droplets presents numerous vortices (Ca d o0.01, L d /w C 41), the droplets have a behavior intermediate between bubbles with high mixing rate in the gas phase and droplets that are not confined by the channel walls, the confinement being a factor of enhancement of mass transfer thanks to the appearance of recirculation flow structures.
This work could be completed by carrying out experiments with different flow pattern inside the droplets. Moreover the operating temperature and/or the fluids should be modified in order to investigate the influence of the fluids physical properties on mass transfer. 
